Coronary artery bypass graft (CABG) patients often have cerebrovascular disease and pre-operative brain magnetic resonance angiography (MRA) frequently reveals cerebral vasculature stenosis. This study was designed to investigate whether pre-operative MRA findings correlated with regional cerebral oxygen saturation (ScO 2 ) in 120 patients undergoing onpump or off-pump CABG. Following MRA examination, patients were divided into six groups of 20 patients each based on MRA findings (no stenosis, mild stenosis or severe stenosis) and procedure (on-pump or off-pump CABG). Mean ScO 2 values over 3 min were determined at seven periods during surgery. Patients with severe cerebrovascular stenosis showed significantly lower ScO 2 than other groups during off-pump CABG. During on-pump CABG, ScO 2 decreased significantly during cardiopulmonary bypass in all groups and was significantly lower in the severe stenosis group. Preoperative MRA and intra-operative ScO 2 monitoring may help to identify patients at increased risk of brain damage during or following CABG.
Introduction
Brain ischaemia, infarction and cerebral vasculature stenosis are frequently observed in pre-operative brain magnetic resonance imaging (MRI) of coronary artery disease patients showing no neurological symptoms. 1 Using magnetic resonance angiography (MRA), Ladd et al. 2 observed that 10% of coronary artery disease patients showed symptoms of stroke and that 48.1% of these had a stenosis of > 50% in at least one extracerebral peripheral artery, with 12.5% of patients showing carotid stenosis. Patients with accompanying cerebrovascular Y-J Roh, J-W Choi, J-H Suh et al. Correlation between MRA and ScO 2 during CABG surgery disorders have an increased risk of developing neurological complications during coronary artery bypass graft (CABG) surgery. Sharony et al. 3 reported that, compared with CABG surgery with cardiopulmonary bypass (CPB), off-pump CABG surgery has been associated with a lower mortality rate and frequency of stroke among high-risk patients with senescence, renal failure, respiratory or cerebrovascular disorders.
Many monitoring methods have been designed in an attempt to reduce neurological risk; however, most are invasive or difficult to interpret. 4 Near-infrared spectroscopy (NIRS) is a simple non-invasive device that determines regional cerebral oxygen saturation (ScO 2 ) in the frontal lobe cortex by measuring the ratio of oxidized haemoglobin to total haemoglobin in brain tissue using infrared spectrometry. 5 NIRS has become widely used and has been found to be a good indicator of cerebral oxygen levels under various experimental and clinical circumstances. 6 -8 It is likely, however, that ScO 2 is decreased during CPB, especially in carotid stenosis patients.
The present study was designed to investigate whether patients with cerebrovascular stenosis show reduced cerebral blood flow during CABG surgery. NIRS was used to measure ScO 2 levels in patients undergoing either on-pump or offpump CABG surgery who had been shown to have either no, mild or severe stenosis according to pre-operative MRA. A correlation between pre-operative MRA findings and ScO 2 during surgery was examined.
Patients and methods

PATIENTS
This study included patients of American Society of Anesthesiology physical status II -III who were scheduled to undergo CABG surgery at the Asan Medical Centre, University of Ulsan College of Medicine, Seoul, Republic of Korea, between January and July 2007. The protocol was approved by the Ethics Committee of the Asan Medical Centre and written informed patient consent was obtained. All patients underwent preoperative brain MRA performed by radiologists who were not aware of the details of this study. Patients were classified as having no (control), mild or severe stenosis. Patients in the mild stenosis group had old infarctions, lacunar infarctions or mild stenosis in the middle cerebral artery, internal carotid artery or vertebral artery. Patients in the severe stenosis group had > 75% stenosis in at least one or two of these arteries. Based on the abnormalities observed on brain MRA (none, mild or severe) and the type of surgery performed (on-pump or off-pump), patients were grouped as follows: (i) no abnormality and on-pump CABG (PC group); (ii) mild abnormality and on-pump CABG (PM group); (iii) severe abnormality and onpump CABG (PS group); (iv) no abnormality and off-pump CABG (OC group); (v) mild abnormality and off-pump CABG (OM group); and (vi) severe abnormality and offpump CABG (OS group). Patients who showed severe depression of contractility (ejection fraction < 30%), cardiac arrest, used adrenaline (epinephrine) or ventricular assist devices were excluded from the study. Prior to induction of anaesthesia, the radial artery was cannulated to enable consistent monitoring of invasive arterial pressure. After intravenous injection of etomidate 2 mg/kg, anaesthesia was induced using target-controlled infusion of propofol (Diprivan ® , AstraZeneca, London, UK) and remifentanil (Ultiva ® ; GlaxoSmithKline, Uxbridge, UK) at effect-site concentrations of 1 µg/ml and 10 ng/ml, respectively, using an infusion pump (Orchestra ® Infusion Workstation; Fresenius SE, Bad Homburg, Germany). Anaesthesia was maintained by constant infusion of remifentanil 10 -20 µg/ml and propofol 1 -2 µg/ml to maintain a BIS level of 40 -60, and rocuronium 5 µg/kg per min was infused for muscle relaxation. All patients were mechanically ventilated to achieve a mean tidal volume of 10 ml/kg and 8 -12 breaths/min at 100% O 2 . The partial pressure of carbon dioxide in arterial blood (PaCO 2 ) during mechanical ventilation was maintained at 35 -40 mmHg using arterial blood gas analysis at 1h intervals. In order to maintain a mean arterial blood pressure of 60 -80 mmHg over the entire surgery period, phenylephrine 100 µg was intermittently administered if arterial blood pressure became < 60 mmHg, while the remifentanil concentration was increased or nicardipine 100 µg was intermittently administered if arterial blood pressure became > 90 mmHg. Isosorbide dinitrate (Isoket ® ; Schwarz Pharma, Monheim, Germany) 1 µg/kg per min was administered to all patients throughout the entire surgery. Dopamine 5 µg/kg per min was administered as an inotropic agent if the cardiac index dropped to < 2.0 l/min per m 2 . If bleeding occurred before or after CPB, haemoglobin was maintained at levels > 10 g/dl using blood transfusions. CPB was carried out under hypothermia at 35°C and pump flow was maintained at 2 -2.5 l/min per m 2 . In order to maintain a PaCO 2 of 35 -40 mmHg and a haematocrit of 20 -24% during CPB, arterial blood gas analysis was performed at 30-min intervals and oxygen flow rate was adjusted or transfusion was performed if necessary.
ANAESTHESIA AND MANAGEMENT
ScO 2 MEASUREMENTS
For off-pump CABG, the mean ScO 2 levels over 3 min were obtained after induction of anaesthesia (IND), after sternotomy (STN), during dissection of the left internal mammary artery (LIMA), during vessel anastomosis of the left anterior descending artery (LAD), during vessel anastomosis of the posterior descending artery (PDA) or right coronary artery, at sternum closure (SC) and at skin closure (SK). For on-pump CABG, the mean ScO 2 levels over 3 min were obtained after IND, after STN, at 5 min after the beginning of CPB (PON), at 30 min after aortic cross clamping (ACC), at 5 min after ceasing CPB (POFF), at SC and at SK.
STATISTICAL ANALYSIS
All data are expressed as mean ± SD. Data were analysed using the SigmaStat software package, version 3.1 (Systat ® Software, Chicago, IL, USA). Height, weight and age were evaluated using one-way analysis of variance (ANOVA). Left-and right-side ScO 2 levels were compared using t-tests. Within-or between-group ScO 2 comparisons were performed using two-way repeated measures ANOVA followed by Bonferroni post-hoc tests. A P-value < 0.05 was considered to be statistically significant.
Results
A total of 120 patients undergoing CABG were enrolled in this prospective study.
Patients were allocated to one of the six groups (PC, PM, PS, OC, OM, OS) following Correlation between MRA and ScO 2 during CABG surgery review of the pre-operative MRA and daily operating schedule; the choice of on-pump or off-pump CABG was made by the surgeons. The aim was to recruit 20 patients to each group and enrolment was stopped once this target had been reached. Recruitment to groups PC, PM, OC and OM was completed in approximately 3 months; however, because severe stenosis is less common, it took approximately 6 months to complete enrolment to the two severe stenosis groups (PS and OS). There were no significant differences between the six groups in terms of age, weight or height (Table 1) or between left and right ScO 2 levels in any patient (data not shown).
For off-pump CABG patients, ScO 2 levels remained stable throughout surgery and were significantly lower in the severe stenosis (OS) group compared with the control (OC) and mild (OM) groups at all measurement points ( Fig. 1A ; P < 0.05 versus control).
For on-pump CABG patients, ScO 2 levels fell significantly in all groups at 5 min after the beginning of CPB (PON) and at 30 min after aortic cross clamping (ACC) compared with at induction of anaesthesia (IND) (P < 0.05), but levels returned to IND levels from 5 min after ceasing CPB (POFF) to the end of surgery (Fig. 1B) . Patients in the severe stenosis (PS) group showed significantly lower ScO 2 levels than the control (PC) group throughout surgery except at sternum closure (SC) and skin closure (SK) (P < 0.05). There were no significant differences in ScO 2 levels throughout surgery between the control (PC) and mild stenosis (PM) groups.
Patients with severe stenosis who underwent on-pump CABG (PS group) had significantly lower ScO 2 levels at 5 min after the beginning of CPB (PON) and at 30 min after aortic cross clamping (ACC) compared with those in the OS group (P < 0.05).
Across all groups, PaCO 2 was maintained at 34.9 ± 3.4 mmHg throughout surgery. In contrast, the haematocrit decreased from 35.5 ± 5.4% before surgery to 22.8 ± 2.6% during CPB across the patient population, and this decrease was similar in all CPB groups.
Most of the patients opened their eyes in response to verbal commands < 1 h postoperatively. Five on-pump CABG patients and two off-pump CABG patients took > 1 h (2 and 8 h) to recover awareness. No patient showed post-operative neurological deficit.
TABLE 1: Demographic data of patients undergoing on-pump or off-pump coronary artery bypass graft (CABG) surgery with different degrees of stenosis as determined by pre-operative brain magnetic resonance angiography
On-pump CABG groups
Off-pump CABG groups Data are mean ± SD or numbers of patients. There are no statistically significant differences between the six groups.
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Discussion
The present study found that, for patients who underwent off-pump CABG surgery, those with severe cerebrovascular stenosis had a lower ScO 2 throughout the operation compared with those with no or mild abnormalities. Hypotension during surgery on the obtuse marginal branch of the circumflex branch or posterior descending branch of the right coronary artery carries a 10 examined ScO 2 during vascular anastomosis and reported that ScO 2 fell while the heart was positioned for vascular anastomosis and that it slowly recovered after surgery on the left anterior descending artery. Hypotension and decreased ScO 2 were also observed during positioning of the heart for vascular anastomosis in the present study, but these quickly recovered to a stable level. It is probable that a prolonged decrease was not observed in the present study because 3-min mean values were measured at a haemodynamically stable stage in the Trendelenburg position or a vasopressor (phenylephrine) was used. Even off-pump CABG surgery can carry a high risk of brain damage due to hypotension for those with severe cerebrovascular stenosis. 11 Since such patients often have severe arterial atherosclerosis, there is a high risk of embolism during surgery even without ScO 2 abnormalities. 4 As undertaken in the present study, pre-operative MRA and cerebral oxygen saturation monitoring together with examination of arterial atherosclerosis severity using epi-aortic scanning and use of the aorta-no-touch technique are recommended in order to reduce the risk of brain damage. 12 Consistent with the increasing number of elderly patients, brain ischaemia, stroke and cerebral vasculature stenosis are frequently detected on pre-operative MRI in the absence of neurological symptoms. 1 Takami and Masumoto 13 found abnormal findings in 90 of 140 patients (64%) on pre-operative MRA before coronary artery bypass. Based on a point scale obtained from pre-operative MRA (one point for mild abnormality up to three points for severe abnormality), they argued that off-pump CABG should be performed in patients with a summed score of ≥ 5 points, while on-pump CABG should be performed in patients with a summed score of < 5 points to reduce the risk of stroke. 13 On-pump CABG patients with no cerebrovascular stenosis showed a decrease in ScO 2 during CPB in the present study, most likely because ScO 2 is greatly affected by blood flow-influencing factors, such as blood pressure, haemoglobin, 14 carbon dioxide tension 15 and body temperature. 16, 17 Although the study aimed to keep mean arterial pressure at 60 -80 mmHg, this is a difficult task during cardiac surgery.
A decrease in haemoglobin levels due to haemodilution for CPB is essential. Reduced oxygen transport to the brain due to haemodilution is partially compensated for by the increase in cardiac output, cerebrovascular dilatation and decreased blood viscosity. 18 Since blood flow was limited to 2 -2.5 l/min per m 2 during CPB during the present study, the cardiac index was maintained at low levels for normal patients. In a study of rabbits, Reasoner et al. 14 found that severe haemodilution increased neurological complications after local cerebral ischaemia, with the critical haemoglobin concentration being 6 -11 g/100 ml. A mean haematocrit value of 22.8 ± 2.6% during CPB in the present study corresponded to this critical concentration and, therefore, low ScO 2 values effectively indicated a risk of neurological complications.
The PaCO 2 is a key parameter affecting cerebral blood flow and PaCO 2 elevation increases ScO 2 by accelerating cerebral blood flow for brain tissue metabolism. 19 In a study in infants, Fallon et al. 15 reported that the response of cerebral blood flow to PaCO 2 is well maintained during hypothermal extracorporeal circulation and that NIRS is a • Received for publication 24 July 2009 • Accepted subject to revision 5 August 2009
• Revised accepted 4 November 2009 Copyright © 2009 Field House Publishing LLP non-invasive and accurate monitoring method. The authors of the present study believe that, as PaCO 2 levels were maintained at 35 -40 mmHg, they had no influence on the results.
The effect of body temperature on ScO 2 should be considered when employing mild hypothermia at 35°C, as in the present study. Re-warming resulted in a decrease followed by an increase in ScO 2 . These variations can be considered the result of inadequate blood flow responses to enhanced metabolism resulting from body temperature increase and inadequate brain autoregulation in response to non-pulsatile blood flow after rewarming. 20 Regional ScO 2 reflects the local oxygen saturation at the frontal lobe. 4 The frontal lobe is supplied by the anterior cerebral artery branch of the internal carotid artery. Thus, stenosis in the middle cerebral artery or in the vertebral artery might not affect the frontal lobe. It is possible, however, to have reduced ScO 2 due to non-uniform distribution of blood flow or abnormal metabolism localized only in the frontal lobe. 21 No significant difference between the left and right ScO 2 was found in the present study despite unilateral MRA abnormalities, suggesting that ScO 2 reflects local oxygen saturation in the frontal lobe. Overall low ScO 2 in patients with severe cerebrovascular stenosis indicates a reduction in brain blood flow compared with patients with no or mild stenosis. Other factors, such as cerebral metabolic rate, method of anaesthesia, patient age and cranial shape also influence ScO 2 . 21 A limitation of the present study was that post-operative cognitive function tests for neurological function were not performed.
As remifentanil and propofol were used to induce anaesthesia, patients were expected to return to awareness within 30 min. Five on-pump CABG patients and two off-pump CABG patients took > 1 h to recover awareness. Although no serious postoperative neurological lesions were observed, a mild neurological condition such as cognitive disorder may have occurred. A prospective study of 201 Korean patients presenting for CABG (the same patient ethnicity as in the present study) found that 25.4% had single or multiple post-operative neurological complications and that internal cranial atherosclerotic disease had a strong independent association with neurological complications. 22 Unlike the study by Takami and Masumoto, 13 MRA was performed prior to CABG in the present study and surgeons chose either off-pump or on-pump CABG. Because the surgeon already knew the preoperative MRA finding, it was difficult to determine whether patients were allocated without any bias. The absence of any significant differences between groups suggested, however, there was no serious flaw in the selection of patients.
In conclusion, the present study found that pre-operative MRA results correlated with ScO 2 in patients undergoing off-pump and on-pump CABG. These findings suggest that pre-operative MRA and intra-operative NIRS monitoring may be useful for identifying those CABG patients who may be at increased risk of brain damage during or following surgery.
